Herein, we describe a rapid, divergent method for using spherical nucleic acids (SNAs) as a universal platform for attaching RNA to DNA-modified nanoparticles using enzymemediated techniques. This approach provides a sequence-specific method for the covalent attachment of one or more in vitro transcribed RNAs to a universal SNA scaffold, regardless of RNA sequence. The RNAÀnanoparticle constructs are shown to effectively knock down two different gene targets using a single, dual-ligated nanoparticle construct.
N ature has engineered rapid, highly sequence-specific enzymes capable of repairing spliced RNA and DNA molecules. These enzymes, known as ligases, catalyze the covalent attachment of the 3 0 hydroxyl group of one oligonucleotide to the 5 0 phosphate of another 1À3 with remarkable specificity. This specificity is made possible by the sequence information encoded in the terminal ends of oligonucleotide strands prior to their attachment to a given nucleic acid sequence. Indeed, ligation reactions have become powerful tools in various recombinant DNA-based technologies, 4À6 in genome sequencing, 7À9 and for synthesizing DNAÀRNA heterostructures. 10À12 Certain nucleic acid functionalized nanostructures have emerged as effective new tools for molecular diagnostics and intracellular gene regulation. 13À18 Specifically, nanoparticles conjugated to small interfering RNA (siRNA) have gained significant attention due to their ability to target mRNA for degradation in a sequence-specific manner. Despite their promising regulatory role in gene expression, siRNAs suffer from their inherent chemical instability in cellular environments. Many researchers have therefore developed methods for conjugating siRNA to the surface of nanoscale materials to improve the chance of successful delivery into cells. Chemical strategies including disulfide modification, 19 pegylation, 20 and the condensation of siRNA using polycations 21 have been used to facilitate the assembly of siRNAs on nanoparticles. Such constructs are typically synthesized by first functionalizing an oligonucleotide with an unnatural binding group (e.g., alkylthiols or alkylamines) that can be adsorbed onto a particle of interest. This approach requires a specialty oligonucleotide to be synthesized for every nanoconstruct that one envisions. A potentially more appealing approach would be to prepare a universal construct that in a divergent manner can be used with readily accessible synthons to prepare a large set of constructs with the nucleic acids of interest.
In this regard, it would be extremely useful to be able to utilize ligases to interface relatively high cost RNA sequences with a readily available, low-cost DNA-nanoparticle construct. Herein, we describe a method for assembling siRNA on DNA-based spherical nucleic acid (SNA) 22 gold nanoparticle conjugates via a T4 DNA ligase-catalyzed reaction (Figure 1 ). This is done in the context of a universal DNA-based SNA gold nanoparticle conjugate. SNAs often consist of a gold nanoparticle core that has been densely functionalized with DNA or siRNA oligonucleotides modified with terminal alkylthiols. SNAs have been shown to exhibit many desirable qualities as cellular transfection and gene regulation materials, including high cellular uptake and resistance to certain enzymatic degradation pathways. 18, 23 Importantly, we find here that the sterically limiting SNA structure and its high local salt concentration, which can impede certain enzymatic systems, 23 does not prohibit enzymatic ligation. Moreover, the directionality of the DNA afforded by the SNA template allows one to attach RNA to specific ends of a nucleic acid sequence and avoids nonproductive cyclization reactions.
Enzyme-mediated assembly of siRNA on SNAs has two key advantages over the direct attachment of a chemically modified RNA to the surface of a nanoparticle. The first advantage is the practical reduction in cost and time it takes to assemble in vitro transcribed siRNA onto nanoparticles as opposed to synthesizing chemically modified RNA on an automated RNA synthesizer. Extensive purification and post processing of the modified RNA sequence over several days is required prior to use in assembly of an RNAÀ nanoparticle construct. In the case of in vitro RNA transcription, the reaction requirements are T7 RNA polymerase, a high-yielding RNA synthesizing enzyme, 24 a short double-stranded DNA (dsDNA) template, and millimolar solutions of ATP, GTP, CTP, UTP, and GMP.
These individual nucleotide solutions in the presence of the dsDNA template and T7 RNA polymerase can generate high micromolar quantities of RNA in solution in under 2 h. In addition, the direct 5 0 modification of the RNA with GMP during its enzymatic synthesis removes the need for post synthetic chemical modification of the RNA.
The second major advantage is programmability, as one can design the ligation reaction components to preassemble specific RNA sequences at an SNA surface based on the sequence information encoded in 2a, the DNA bridge ( Figure 1 ). The initial step of the ligation reaction involves two oligonucleotides (one DNA 1, the other RNA 3a) that are to be covalently attached through the generation of a new phosphodiester bond. 25 These oligonucleotides are assembled end-to-end (3 0 OH of DNA to 5 0 PO of RNA) through hybridization to 2a. The DNA bridges therefore provide a powerful way to add one or more unique RNA sequences to the surface of an SNA in a single one-step enzymatic reaction. Once assembled, ligase can be added to the solution, resulting in the covalent attachment of the DNA anchor to the adjacent RNA oligonucleotide.
It is important to note that one key requirement for the ligation of RNA to DNA is that the RNA 5 0 end must have a guanosine monophosphate (GMP) as opposed to the native triphosphate (GTP). This difference in phosphate units is a requirement for compatibility with the enzyme's mechanism of attachment 26, 27 and the need for ATP when sealing the phosphodiester bond between the different oligonucleotide strands ( Figure 1 ). Incorporation of a 5 0 GMP modification is achieved via the in vitro transcription of RNA, wherein an excess of GMP relative to GTP (30:1) results in the end-labeling of the RNA transcript. 10 Once modified Figure 1 . Enzyme-mediated assembly of RNA onto a universal SNA scaffold. (a) SNA consisting of a gold nanoparticle core modified with a DNA "anchor" oligonucleotide (1). A second DNA oligonucleotide, the DNA "bridge" (2a), is complementary to the 3 0 end of 1. Upon hybridization with 1, the sticky end generated by the DNA bridge (2a) is used to guide the hybridization and assembly of the 5 0 end of an RNA (3a) to the SNA surface. For siRNA sequences, this strand is the RNA sense strand of an siRNA duplex. (B) By changing the sequence of the sticky end of the DNA bridge at its 3 0 end (2b), it can be made complementary to the 5 0 end of a different RNA oligonucleotide (3b), thus allowing different RNA sequences to be assembled on an SNA passivated with the same DNA anchor (1).
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with a terminal GMP residue, the RNA is purified and ligated to the SNA.
RESULTS AND DISCUSSION
In order to investigate the ligation efficiency of T4 DNA ligase for attaching RNA to a DNA-functionalized nanoparticle, SNAs were prepared using a 5 0 hexyl dithiol DNA anchor (1) (Supporting Information, Table S1 ). Note that oligonucleotides may also be immobilized using readily available cyclic disulfides. 28 To accurately determine the average number of RNA strands ligated to the surface of the SNA, a new photocleavable assay was developed. In this assay, a second DNA anchor was synthesized in which a photocleavable (PC) linker was incorporated near the 3 0 end of DNA anchor (Figure S1, Supporting Information). Upon irradiation with 365 nm light, the PC linker was cleaved, freeing the hybrid RNAÀDNA oligonucleotides from the nanoparticle surface. The freed oligonucleotides were then isolated from the nanoparticles in solution via centrifugation and quantified using a fluorescence intercalation assay. 29 For 13 nm gold nanoparticles initially functionalized with 80 DNA anchor strands, there were 65 ( 5 RNA strands ligated per particle. Post ligation, the complementary antisense (AS) siRNA oligonucleotide was hybridized to the covalently attached sense strand (3a) in the presence of 1Â PBS at 37°C for 1 h. The total number of siRNA duplexes formed was 35 ( 5, illustrating that this approach can yield comparable coverages to that of conventional siRNA SNA architectures. 30, 31 We also assessed the increase in average particle size accompanying the enzymatic ligation reaction using dynamic light scattering (DLS) and agarose gel electrophoresis ( Figure 2 ). After ligation, the particles were washed with 8 M urea and centrifuged to remove any excess DNA bridge that may remain after the ligation reaction was completed. DLS measurements showed the average size and polydispersity of the particles increased after ligation (Table S2 , Supporting Information).
After characterization of the ligated siRNA SNAs, it was necessary to ensure that the biochemical recognition and therapeutic function of the siRNA was maintained after undergoing the enzymatic ligation strategy. To evaluate this, ligated RNA SNAs containing a siRNA sequence targeting green fluorescent protein (GFP) mRNA were fluorophore labeled with cyanine 5 (Cy5) to track the constructs intracellularly. Incubation of the Cy5-labeled siRNAÀSNAs with a GFP-expressing cell line allows for simultaneous assays of uptake and biological function using flow cytometry. GFP fluorescence is then used as a proxy to infer relative GFP protein levels. The ligated GFP siRNA SNA constructs were readily taken up into mouse endothelial cells ( Figure 3aÀd ) and able to reduce the expression of GFP protein by up to 53% relative to untreated cells ( Figure 3e ).
After establishing that the ligated siRNA SNAs maintain their biological activity, a second, dual siRNA construct consisting of two different siRNA sequences was assembled using the hybrid RNAÀDNA ligation reaction. The ability to attach two different siRNA sequences to the same nanoparticle would enable a single construct to simultaneously target two different mRNAs in the same cell. An siRNA targeting GAPDH (a ubiquitous housekeeping gene) 32, 33 was chosen as a second sequence to ligate alongside GFP siRNA on the SNA. The sense strand for each siRNA sequence was in vitro transcribed and ligated to the universal SNA scaffold. All sequences used in the construction of the dual siRNA SNAs are shown in Table S1 (Supporting Information). Each sense strand (3a and 3b) was added to the ligation reaction in equal concentrations, allowing the 5 0 end of the individual RNA sense strands (GFP or GAPDH siRNA) to assemble at the 3 0 end of the SNA's DNA anchor (1) via hybridization with its respective DNA bridge (2a and 2b) (Table S1, Supporting Information). 
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After ligation of the siRNA sense strands to the SNA scaffold, the constructs were incubated with both GFP and GAPDH antisense strands (4a and 4b) to generate the final duplexed version of the particle. In order to track the ability of the AS siRNAs to hybridize to the same SNA as well as to visualize the constructs' post ARTICLE cellular uptake, fluorophore-labeled versions of the GFP and GAPDH AS sequences (Cy3 and Cy5, respectively) were prepared and hybridized to the particles. The results of their uptake into HeLa cells are shown in Figure 4 , in which fluorescence from both the GFP-Cy3 AS RNA and the GAPDH-Cy5 AS RNA are seen colocalized throughout the cells.
To investigate the sequence-specific RNAi capability of the dual siRNA SNA nanoparticle construct, the duplexed siRNA particles were incubated with C166 GFP-expressing cells (cells which also express the ubiquitous protein GAPDH) overnight. After treatment, the cells were lysed and the individual protein expression levels of GFP and GAPDH proteins were evaluated. Under this dual treatment, there was substantial knockdown of both GFP and GAPDH proteins as shown by Western blots, indicating both ligated siRNA sequences are biologically active ( Figure 5 ). As shown by densitometry quantification of averaged triplicate Western blots (right panel, Figure 5 ), the effects of the dual siRNA SNA were comparable to those produced by traditional polymer-assisted siRNA transfections.
CONCLUSION
In summary, we have developed a robust and straightforward biochemical strategy for assembling RNA at the surface of an SNA while preserving its biological function. Using this method, two or more in vitro transcribed RNAs can be attached to an SNA through the use of programmable, sequence-specific DNA bridges. This enzyme-mediated approach opens up a rapid route for preparing single RNAÀnanoparticle constructs capable of targeting multiple sites on a single mRNA transcript, as well as the ability to study the synergistic effects of targeting two different mRNA transcripts in related biochemical pathways. As the SNA assembly method has recently been expanded to include myriad nanoscale starting materials, 34 the assembly of RNA onto a variety of different materials can be realized quickly and efficiently, accelerating the study of RNAÀNP-based delivery platforms for a wide array of biological applications.
MATERIALS AND METHODS
SNA Assembly and Characterization. Au NPs (13 nm) were functionalized with a 5 0 hexyl dithiolated DNA anchor (Table S1, Supporting Information) purchased from Trilink Biotechnologies. The DNA anchor was first treated with DTT to activate the terminal thiol (C6 SÀS phosphoramidite) and washed over Sephadex G-25 to remove any excess DTT. The DNA anchor is then incubated with 13 nm citrate-capped Au NPs and treated with 0.1% SDS buffered in 10 mM sodium phosphate buffer. Particles were salted to a final NaCl concentration of 0.3 M over the course of 5 h and washed 3Â at 21130 rcf for 15 min to remove excess salts and DNA.
Quantification of RNA Loading onto SNA. The average number of DNA anchor molecules at the surface of each AuNP was determined by dissolving the AuNP with 40 mM KCN in 1Â PBS.
Once the gold is dissolved by KCN, the average number of DNA oligonucleotides per NP left in solution was determined using Sybr green, a DNA intercalator, and monitoring total emission at 520 nm on a fluorescence plate reader. To determine the average number of RNA strands ligated on the DNA anchorfunctionalized SNAs, a photocleavable (PC) phosphoramidite was incorporated into a second DNA anchor molecule for analytical studies. The PC-modified DNA anchor (5 0 -SH-T30-PC-TTTTTAATTCACCCAAC-3 0 ) was ordered from Trilink Biotechnologies and used as received without further purification. Using the same KCN method for dissolving the AuNPs, the PC DNAÀSNAs were salted to 0.3 M NaCl and analyzed for total DNA anchor loading. Post ligation of GFP sense RNA (3a) and removal of excess bridge by washing 3Â with 8 M urea and centrifuging at 21130 rcf for 6 min, the particles were irradiated ARTICLE with 365 nm light for 10 min with mixing to initiate photocleavage. The particles were then centrifuged, and the supernatant was removed and analyzed using Sybr Green and a fluorescence plate reader to determine the total number of ligated siRNA strands. A 1% agarose gel showing the SNA mobility pre-and postirradiation with a PC DNA anchor is shown in Figure S1 (Supporting Information).
RNA in Vitro Transcription and Ligation. All RNA sense strands used in the ligation reactions and for assembly of siRNA SNAs were generated through in vitro transcription. The antisense strands later hybridized to the sense siRNA were synthesized using an automated RNA synthesizer (Mermaid) as no chemical modifications were needed for assembly on the nanoparticle surface. The dsDNA template for the transcription of the GFP sense RNA strand (3a) was transcribed using the ssDNA template 5 0 -GCTAATACGACTCACTATAGGGAG GGCAAGCTGACCCT-GAAG TTC-3 0 (sequence design based on a validated siRNA GFP sequence from Ambion). This ssDNA template was PCR amplified using the corresponding 3 0 and 5 0 primers, 5 0 -biotin-GAACTTCAGGGTCAGCTT-3 0 and 5 0 -GCTAATACGACTCACTA-TAGGGAGAC-3 0 , respectively. The italicized half of the ssDNA template can be changed depending on the siRNA sequence of interest. All ssDNA templates and the forward and reverse primers were purchased from integrated DNA technologies (IDT). Through primer extension, the dsDNA was biotinylated by the 3 0 primer, providing a facile route for immobilization on streptavidin-coated polystyrene beads and purification from the PCR reaction components. These dsDNA templated beads were then used for transcription with T7 RNA polymerase (Invitrogen). Transcription reactions were run for 2 h at 37°C and contain the dsDNA template, T7 RNA polymerase, 1 mM ATP, CTP,GTP, UTP, DTT, and 30 mM GMP. After the reaction was complete, the solution was centrifuged, and the RNA remaining in the supernatant was removed and run through a size-exclusion column (Sephadex-25) to remove any excess nucleotides and residual DTT. Enzymatic ligation reactions containing the siRNA sense strand for GFP (3a), the corresponding DNA bridge molecule (2a), and DNA SNAs were then incubated at 37°C overnight in a ratio of 1:2:5. The ligation reaction mixture included 5 mM ATP and 1Â ligase buffer (Invitrogen) for maintaining enzyme stability. After ligation, the ligated siRNA SNAs were washed with 8 M urea 3Â by centrifugation at 21130 rcf for 12 min intervals. This is to ensure removal of the enzyme and any residual nucleic acids that were not ligated to the surface of the SNA. The same procedure was performed for the GAPDH sequence (3b) using bridge 2b (Table S1, Supporting Information). To generate the duplexed siRNA structure at the SNA surface, the corresponding antisense siRNA sequences were hybridized to the ligated siRNA SNAs by incubation with 10 μM solutions of the respective AS siRNA sequences (4a and 4b for GFP and GAPDH respectively) at 37°C in 1Â PBS for 1 h, followed by centrifugation at 21130 rcf 3Â to remove excess AS siRNA that did not hybridize to the SNA. The same procedure was followed to prepare the fluorophorelabeled versions of the siRNA SNAs for cellular uptake studies.
Dynamic Light Scattering (DLS). SNAs pre-and postligation were analyzed using a Malvern Zetasizer instrument. SNA samples were washed 3Â in H 2 O and centrifuged at 21130 rcf prior to DLS measurements. All samples were run in triplicate with five scans averaged per sample analyzed.
Agarose Gel Electrophoresis. Ligated RNA-SNAs were analyzed using 1% agarose gels run at 90 V for 30 min in 0.5Â TAE buffer. Gels were imaged on a Fujifilm gel imager using 1Â Sybr gold stain.
Confocal Microscopy and Cellular Uptake Studies. For the single siRNA sequence SNA, cell uptake studies were evaluated through the use of a Cy5-DNA probe backfilled onto the SNA surface during the initial AuNP functionalization step. The Cy5-DNA probe was incorporated on to the ligated GFP siRNAÀSNA nanoparticles by initially functionalizing the AuNPs with a 5:1 ratio of 5 0 -thiolated DNA anchor (1) to a 5 0 -thiolated polyT 20 -Cy5 DNA oligonucleotide. These particles were then ligated with the GFP siRNA sense strand (3a) through the methods described above. The particles were added to the media of C166 GFP-expressing cells. All cells were cultured at 37°C and 5% CO 2 in DMEM supplemented with 10% FBS and 1% streptomycin/penicillin unless specified otherwise. Seeded sparsely in a 35 mm FluoroDish (World Precision Instruments), C166-GFP cells were grown overnight before being incubated with 5 nM of Cy5-labeled siRNA-SNAs in OptiMEM for 8 h. Cells were then rinsed with PBS, fixed in 3.7% PFA in PBS for 15 min, and imaged under a Zeiss LSM 510 inverted confocal microscope. The excitation wavelength of Cy5 was 633 nm, and the corresponding emission filter was 660À710 nm.
The dual-ligated GFP/GAPDH siRNA SNAs were analyzed by confocal microscopy through fluorophore labeling of the AS siRNA strands (4a and 4b) with Cy3 and Cy5. Their uptake was evaluated in HeLa cells using a Lecia SP5 multilaser confocal microscope. The Lecia confocal microscope was used for observing multiple fluorescent probes (Cy3 and Cy5 channels) and tracking the colocalization of fluorescence within the cells. HeLa cells were treated with 1 nM dually ligated SNAs for 24 h in OptiMEM, followed by one wash with PBS, and resuspension in DMEM.
Flow Cytometry Studies. Total GFP protein level was analyzed using a Guava benchtop flow cytometer, using fluorescence intensity to proxy for protein level. Cells were seeded at 25% confluency in 96-well plate format 24 h prior to SNA treatment. Ligated siRNA SNAs and control constructs were incubated with these cells in OptiMEM for 16 h before media exchange into fresh, complete DMEM for an additional 48 h of recovery time. After treatment, cells were thoroughly washed with PBS and detached using trypsin before directly assayed live by flow cytometry (Guava 8HT, Millipore).
Western Blot Analysis. C166 cells were plated in a 6-well cell culture dish and incubated with 1 mL of particles (5 nM of nanoparticles in OptiMEM medium) or transfected with 200 nM of siRNAs using commercially available DharmaFect reagent overnight. Cells were washed three times with PBS and homogenized in 0.1 mL of ice-chilled mammalian cell lysis buffer containing 1Â protease and phosphatase inhibitor (Thermo Scientific). The homogenate were cleared by centrifugation at 18406 rcf for 5 min, and the supernatant was kept as protein lysis. Total protein amount in the lysis was quantified using Pierce BCA Protein Assay Kit. The lysis with same amount of total protein was transferred to a 1.5 mL microcentrifuge tube and incubated with an equal volume of dithiothreitol (DTT)containing loading buffer (54 mg/mL). After being boiled for 5 min, samples with equal amounts of total proteins were fractionated by 4À20% precast gradient gel (Bio-Rad). The intact gel was then transferred to nitrocellulose membranes (Thermo Scientific) and blocked in odyssey blocking buffer (LI-COR Biosciences). Proteins were detected with primary antibodies against GAPDH (1:500) (Santa Cruz Biotechnology), GFP (1:1000) (Clontech Laboratories Inc.), and β-actin (1:1000) (Cell Signaling Technology), followed by IRDye 680/800 secondary antibodies (1:10000À1:5000) (LI-COR Biosciences) diluted in PBST containing 5% nonfat milk. The desired bands were visualized using the Odyssey CLx Infrared Imaging System (LI-COR Biosciences).
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